what is known already: Varicocele is a major cause of male infertility. It reduces testicular blood renewal with a consequent accumulation of toxic substances. Thus, it can potentiate the toxic effects of environmental exposure to genotoxic substances such as those found in cigarette smoke. study design, size and duration: A cross-sectional study was performed in 110 patients presenting with variococele to the Human Reproduction Section of the Sao Paulo Federal University (2006)(2007)(2008)(2009)(2010). The patients were divided into a control group of nonsmokers, a moderate smokers group and a heavy smokers group. participants/materials, setting and methods: Semen parameters were analysed by standard methods. Sperm DNA integrity and mitochondrial activity were assessed by Comet assays and by 3,3 ′ -diaminobenzidine deposition, respectively. The level of lipid peroxidation in semen was determined by malondialdehyde quantification. Proteomic studies were performed by 2D-electrophoresis and mass spectrometry.
Introduction
Infertility, classically defined as the inability to achieve pregnancy after 12 months of sexual relations well distributed throughout the menstrual cycle and without the use of contraceptives, affects around 15% of couples of reproductive age and the male partner is responsible for up to 50% of these cases (World Health Organization, 1999) . Varicocele, defined as an abnormal dilation and reversal of blood flow in the internal spermatic veins in the plexus pampiniform (Goldstein and Eid, 1989; Nö ske and Weidner, 1999) , is a major cause of male infertility (Benoff and Gilbert, 2001; Hauser et al., 2001) . Although it affects 15% of the general adult male population, it is observed in 35% of men with primary infertility and in 80% of men with secondary infertility (World Health Organization, 1992; Belloli et al., 1993) .
Although many hypotheses to explain why varicocele may exert a deleterious effect on spermatogenesis have been suggested (Fujisawa et al., 1989; Benoff et al., 2004) , these converge to testicular dysfunction and a semen oxidative state termed oxidative stress (OS), characterized by an excess of reactive oxygen species (ROS) and/or a decrease in antioxidant capacity . Human sperms are particularly sensitive to ROS-induced damage because of a high concentration of polyunsaturated fatty acids (PUFAs) in their plasma and mitochondrial membranes, generating lipid peroxidation, which in turn causes damage to cell membranes and alterations in sperm functional aspects DNA integrity and mitochondrial activity (Aitken and Clarkson, 1987; Li et al., 2004) .
Since varicocele also promotes a decrease in testicular blood renewal with a consequent accumulation of toxic substances, it can potentiate the toxic effects of environmental exposure to genotoxic substances (El Mulla et al., 1995) . The mutagenic and carcinogenic substances present in tobacco (i.e. nicotine, cadmium and lead) (Bos and Henderson, 1984; Bernhard et al., 2005) are harmful to cells undergoing rapid multiplication, including germ cells in the testis (Stillman et al., 1986) .
In addition, smoking is associated with an increase in seminal ROS levels, which may occur by two main mechanisms: (i) leukocytospermia induced by chronic inflammation of the genital tract (Comhaire et al., 1999) and (ii) the presence of ROS in the cigarette itself (Church and Pryor, 1985) . Smoking is also related to a significant increase in sperm DNA fragmentation Sepaniak et al., 2006) and associated with reduced sperm function in penetration tests (Sofikitis et al., 1995) .
Whatever effects may occur because of varicocele and/or exposure to tobacco, understanding the pathways of these effects may lead to a better comprehension of cellular mechanisms present, as well as suggest targeted approaches to counterbalance these effects.
The proteome is the set of proteins expressed by a genome in particular cell types at a particular time, and is a fixed characteristic of an organism. Proteome studies reflect the current state of operating of a system in a specific biological conditions and provide a dynamic understanding of post-genomic events (Pennington et al., 1997) .
Therefore, this study aimed to analyse, in patients with varicocele, the effects of smoking on sperm functional integrity (nuclear DNA integrity and mitochondrial activity), seminal plasma lipid peroxidation levels and on the proteomic profile of the semen.
Materials and Methods

Patients
A cross-sectional study was performed in 110 patients presenting to the Human Reproduction Section of the Sao Paulo Federal University. Patients with clinical diagnosis of unilateral or bilateral varicocele (grades II and III, respectively) and aged between 20 and 55 years were divided into three groups: control group (non-smokers with varicocele; n ¼ 56), moderate smokers group (smokers of 1 -19 cigarettes per day with varicocele; n ¼ 29) and heavy smokers group (smokers of 20 or more cigarettes per day with varicocele; n ¼ 25). For varicocele diagnosis, physical examination was performed in a temperature controlled room (.238C) under adequate lighting. Testicular volume was assessed with the aid of a Prader orchidometer. For the groups of smokers, patients who smoke only cigarettes were included in the study. Additionally, we calculated the values of 'pack years' (defined as 20 cigarettes per day over 1 year) to describe the type of consumption of each group of smokers.
Exclusion criteria were a clinical and/or surgical history likely to cause testicular damage, such as orchitis, cancer (and their treatments), endocrine disorders, obesity (BMI ≥30), evidence of a urogenital infection, episodes of fever in the 90 days prior to the clinical examination and the consumption of one or more drinks of alcoholic beverages per day or drug abuse. Although in the literature there is an association between smoking and increased infiltration of leukocytes in the semen , leukocytospermia may occur due to a number of reasons. Thus, to eliminate artefactual effects and isolate tobacco consumption itself, patients with leukocytospermia (≥1 × 10 6 leukocytes/ml of semen) were excluded from this study. Institutional Review Board approval was obtained from the Sao Paulo Federal University Research Ethics Committee.
Semen analysis
Semen samples were collected by masturbation following 2-7 days of ejaculatory abstinence. After semen liquefaction, seminal analysis was performed according to the World Health Organization criteria (World Health Organization, 1999) and sperm morphology was evaluated by Kruger's strict criteria (Kruger et al., 1986) . For motility, the sperms were classified as a (rapid progressive motility), b (slow progressive motility), c (non-progressive motility, d (immotility) and total progressive motility (a+b). Aliquots of semen were used for sperm functional tests, evaluation of lipid peroxidation and 2D electrophoresis of proteins from seminal plasma.
Determination of DNA integrity
To evaluate sperm nuclear DNA integrity, a modified alkaline single-cell gel electrophoresis or Comet assay, was performed on semen samples from each study subject, as described previously (Fariello et al., 2009) . Slides were pre-coated with 1% normal melting point agarose (GE Healthcare, Amersham Place, UK) in TBE (Tris, borate, EDTA) buffer (0.089 M Tris base, 0.089 M borate and 0.002 M EDTA) overnight. A 100 ml aliquot of fresh semen diluted to a final concentration of 1 × 10 6 /ml in 0.75% low-melting-point agarose (GE Healthcare) in TBE was added to each slide. This was covered with a coverslip and kept for 10 min at 48C to solidify. Following gel solidification, the coverslips were gently removed and 300 ml of 0.75% low-melting-point agarose in TBE were added. After 10 min the slides were immersed in cold lysis solution (100 mM Na 2 -EDTA, 10 mM Tris, 2.5 M NaCl, pH ¼ 11, 4 mM dithiothreitol, 2% Triton X-100) for 2 h. The slides were then immersed in Milli-Q water for 10 min, in order to remove the excess salts, and subsequently immersed in alkaline Semen protein profiles in smokers with varicocele electrophoresis solution (300 mM NaOH, 1 mM Na 2 -EDTA, pH .13) for 20 min. Electrophoresis was performed for 20 min at 3 V/cm, 150 -300 m Amp. The slides were then washed twice with TBE (pH ¼ 7.4) for 15 min and fixed with 100% ethanol twice for 5 min each. After drying, the slides were stained with ethidium bromide (7 mg/ml) (Invitrogen, Carlsbad, CA, USA) for 15 min. The slides were washed three times with TBE (5 min each wash) to remove background staining and evaluated using an Olympus BX51 epifluorescence microscope equipped with a rhodamine/tetramethylrhodamine B isothiocyanate filter and a 100-W mercury lamp. A total of 200 sperm cells were scored according to the intensity of DNA damage as assessed by Comet tail and nuclear intensity and visually classified as Grade I (high DNA integrity) to Grade IV (high DNA fragmentation). Grade I cells presented a nucleus with intense fluorescence and did not present a Comet tail. Grade II cells still presented an evident nucleus but also a Comet tail. Grade III cells presented a weak nucleus and a strong tail, and Grade IV cells did not present a nucleus, only a Comet tail.
Evaluation of mitochondrial activity
To determine sperm mitochondrial activity, the method proposed by Hrudka (1987) was used, based on the oxidation, polymerization and deposition of 3,3
′ -diaminobenzidine (DAB) by mitochondrial cytochrome c-oxidase. Briefly, the semen was diluted 1:1 to 1:3 in a solution containing 1 mg/ml of DAB (Sigma-Aldrich, St. Louis, USA) in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH ¼ 7.4) and incubated at 378C for 1 h in the dark. Two 10-ml smears were then prepared on microscope slides and air-dried. The slides were fixed in 10% formaldehyde for 10 min, washed and airdried again. A total of 200 sperms were counted under a ×1000 magnification differential interference contrast Olympus BX51 microscope, and cells were classified as class I (100% of the midpiece was stained), class II (.50% of the midpiece was stained), class III (,50% of the midpiece was stained) and class IV (absence of staining in the midpiece). Class I cells indicate cells that maintain complete mitochondrial activity, while class II cells indicate some loss of mitochondrial activity that does not lead to severe impairment of motility and fertilization capacity. Class III cells are cells that present extensive loss of mitochondrial activity and are unlikely to achieve hypermotility during capacitation. Class IV cells are either dead cells or cells that maintain minimal energy production through glycolysis.
Evaluation of lipid peroxidation
The level of lipid peroxidation of the samples was determined using the protocol described by Ohkawa et al. (1979) . The method is based on the reaction of two molecules of thiobarbituric acid (TBA) with one molecule of malondialdehyde (MDA) at high temperatures and low pH, resulting in a complex, MDA (TBA) 2 , red with maximum absorbance at 532 nm that can be quantified with a spectrophotometer.
To avoid unspecific reactions caused by proteins, 500 ml of seminal plasma was added to 1000 ml of a solution of trichloroacetic acid (Sigma-Aldrich) 10% (v:v) and centrifuged at 16 100g at 158C. After 15 min, 500 ml of the supernatant and 500 ml of TBA (Sigma-Aldrich) 1% (v:v in solution 0.05 N sodium hydroxide, Carlo Erba, Italy) were placed in plastic tubes with lids and kept for 10 min in a 1008C water bath, after which the tubes were cooled on ice (08C) to stop the chemical reaction. The molecules of thiobarbituric acid-reaction substances (TBARS) were then quantified using a spectrophotometer (Ultrospec 3300 pro, GE Healthcare) at a wavelength of 532 nm. A standard curve previously prepared with a standard solution of MDA (Sigma-Aldrich) was used for comparison of results. The index of lipid peroxidation was described as TBARS nanograms/ml of semen.
Two-dimensional electrophoresis of proteins (2D SDS-polyacrylamide gel electrophoresis)
For 2D electrophoresis of seminal proteins, all reagents were purchased from GE Healthcare. Initially, we randomly selected 30 samples (10 from each group) to perform the analysis. The semen samples were centrifuged at 3500g for 15 min at 48C to separate seminal plasma from sperm. The supernatant seminal plasma was kept frozen at 2208C until analysis. Before use, 1 ml of 1 mM phenylmethanesulphonylfluorife in methanol was added to the seminal plasma in order to inhibit endogenous proteases. The sample was centrifuged at 16 000g for 60 min at 48C to remove cell debris. After centrifugation, the total protein concentration was assessed in the supernatant seminal plasma using the bicinchoninic acid protein assay (modified Lowry method-Bioagency, Sao Paulo, Brazil) (Kessler and Fanestil, 1986; Wiechelman et al., 1988) and 400 mg of total protein was used for 2D electrophoresis.
Proteins were separated by pI in 18-cm strips with linear pH 3 -10 using an IPGPhor III unit and a total of 24 000 V h. Following isoelectric focusing, the strips were layered on 10 -17.5% polyacrylamide gradient gels in order to separate proteins by mass. Following the second dimension, the gels were stained with Coomassie Brilliant Blue and scanned in a densitometer (Image Scanner III, GE Healthcare). Analysis was performed using the ImageMaster 2D Platinum 7.0 software (GE Healthcare), comparing spot volume (area × intensity).
Mass spectrometry
As the identification of the proteins in electrophoresis spots is through identification of its peptides generated by digestion, the spots of interest were discoloured, dehydrated and resuspended in a solution containing trypsin for 16 h at 378C. After this step, a solution containing acetonitrile and trifluoroacetic acid was added in order to inactive the trypsin and elute the peptides from the gel. Finally, the final volume of solution was reduced to 5 ml in a vacuum centrifuge.
Liquid chromatography -mass spectrometry (LC-MS)/MS experiments with a solution containing the peptides were performed on a Waters nano Acquity UPLC connected to a Waters Synapt G1 HDMS mass spectrometer (Q-TOF geometry). The UPLC system was fitted with a Waters Symmetry C 18 trap column (20 mm × 180 mm i.d.; 5 mm particle size), followed by a Waters BEH130 C 18 analytical column (100 mm × 100 mm i.d.; 1.7 mm particle size). Samples with the peptides were injected and washed at the trap column for 3 min with a 5 ml min A data-dependent analysis was performed, in which each second the device acquires a spectrum of MS. In the case of the presence of multicharged species, the three most intense were fragmented in a collision chamber (collision energy set by m/z and precursor charge) and acquired as a new MS spectrum of fragments.
After LC-MS/MS, raw data file runs were processed using ProteinLynx Global Server version 2.2 (Waters) and analysed using the search engine MASCOT version 2.2 (Matrix Science Ltd) using the protein database SWISSPROT, which is based on information from the genome to produce proteins. The parameters used were Homo sapiens, trypsin (with enzyme), carbamidomethyl (C) as a fixed modification and oxidation of methionine as the variable modification, 0.1 Da of mass tolerance for MS and MS/MS spectra. The Mascot program used as a calculation with significance at P , 0.05, in which only proteins with scores above the minimum significance can be considered. From these, we excluded contamination proteins (mainly keratin) and selected the two results of proteins with the higher scores. The mass of the gel spot obtained by analysis using the ImageMaster 2D Platinum 7.0 software was compared with the mass of the protein found by the UniProt database (www.uniprot.org).
Statistical analysis
Initially, variables were evaluated for normality of distribution using the Kolmogorov-Smirnov test. The variable 'total sperm count' was transformed into its square root so that parametric tests could be applied. We used analysis of variance (ANOVA) to compare the three groups for the sperm variables, DNA integrity, mitochondrial activity and TBARS level. When differences were observed, we used the least significant difference test to see which groups differed. In order to evaluate whether the varicocele grade altered our results, DNA integrity, mitochondrial activity and OS values were compared between grade II and grade III varicocele using the Student's t-test. The highest grade varicocele on either side determined whether the patient was classified as grade II or III. Statistical analysis of densitometric images of proteins gels was performed by the gel analysis software (ImageMaster 2D Platinum 7.0). The matches, made automatically by the software, were submitted to ANOVA and the results were expressed in significance values. For semen analysis, an alpha of 5% was adopted, whereas for the proteins study, in order to account for inter-assay and intra-assay variation, an alpha of 1% was adopted.
Results
Semen analysis
Clinical data are presented in Table I . The heavy smokers group presented a reduced ejaculate volume compared with the control group (P ¼ 0.045), as well as a lower progressive motility (a+b) compared with the other two groups (P ¼ 0.016). The heavy smokers also presented a lower sperm concentration compared with the control group (P ¼ 0.038). Control patients presented a lower percentage of sperm class c (non-progressive sperm) (P ¼ 0.009) and a higher total sperm count compared with the other two study groups (P ¼ 0.0001).
Functional tests
The results of the DNA integrity evaluation, mitochondrial activity and levels of lipid peroxidation are presented in Table II . The control group showed a higher percentage of sperm with high DNA integrity (Comet grade I) compared with both groups of smokers (P ¼ 0.011), as well as a lower percentage of sperm with evident DNA damage (Comet grade III; P ¼ 0.035). In addition, the percentage of sperms with intense DNA fragmentation (Comet grade IV) was higher according to the number of cigarettes smoked per day (P , 0.0001). As for mitochondrial activity, the control group presented a higher percentage of sperms with high mitochondrial activity (DAB class I) compared with the heavy smokers group (P ¼ 0.017). A higher percentage of sperms with a predominance of active mitochondria (DAB class II) and a lower percentage of sperms with low mitochondrial activity (DAB class III) were observed in controls compared with the other study groups (P , 0.0001 for both). Additionally, the percentage of sperms with total inactivation of the mitochondria (DAB class IV) was higher according to the number of cigarettes smoked per day (P , 0.0001). Regarding lipid peroxidation, MDA levels indicating oxidative stress were lower in the controls, and increased progressively with the degree of smoking (P , 0.0001).
When the varicocele grade was used to compare DNA integrity, mitochondrial activity and OS, no differences were observed (Table III) .
Analysis of 2D SDS -PAGE gels
A total of 95 spots were found to be differentially expressed between the three groups, from which 20 identified proteins were observed. These are presented in Table IV .
Discussion
Varicocele, defined as an abnormal dilation with reverse blood flow in the internal spermatic veins in the pampiniform plexus (Goldstein and Eid, 1989; Nö ske and Weidner, 1999) , is the most important treatable cause of male infertility (Benoff and Gilbert, 2001; Hauser et al., 2001) . Its main pathophysiological mechanisms are reflux of products or subproducts of adrenal glands and kidneys, venous stasis leading to testicular hypoxia, hormonal dysfunction, hypertension of spermatic veins and testicular hyperthermia (Fujisawa et al., 1989; Benoff et al., 2004) .
In recent decades, studies relating fertility to lifestyle and exposure to toxic environmental substances have received special attention. Moreover, men seem more likely to suffer these effects than women (Skakkebaek et al., 2006) . Smoking is responsible for the generation of toxins that interact directly or indirectly with gametes affecting their function and viability (Sepaniak et al., 2006) . About 40 constituents of cigarette smoke are considered carcinogenic and mutagenic to humans (Bos and Henderson, 1984; Bernhard et al., 2005) , being harmful to cells that are multiplying rapidly, including germ cells in the testes (Stillman et al., 1986) .
Cigarette smoking is a major source of cadmium (Cd) inhalation (Staessen et al., 1990) . This can interfere with essential metals, including calcium, magnesium and zinc, which are primary determinants of cellular function (Serres et al., 1991; Bertelsmann et al., 2007) . High concentrations of seminal Cd associated with reduced zinc affect the activity of Ca 2+ -ATPase and sperm motility (Kumosani et al., 2008) .
Cd and lead (Pb) are able to cross the blood -testis barrier and cause damage to the endothelium of seminiferous tubules, loss of Leydig cells and consequent decreased production of testosterone (Martynowicz et al., 2005) . In addition, Pb can adversely affect sperm morphology, motility and DNA integrity (Hernández-Ochoa et al., 2005; Telisman et al., 2007) . Nicotine, the primary alkaloid in tobacco, is an oxidant agent capable of causing damage to membranes and DNA fragmentation (Benoff and Gilbert, 2001 ). Previous studies have reported both nicotine and cotinine, its major metabolite, in seminal plasma in a dose-dependent association with cigarette smoking (Pacifici et al., 1993; Vine et al., 1993) . Polycyclic aromatic hydrocarbons cause ultrastructural abnormalities in the axoneme resulting in inhibition of ciliary movement (Zavos et al., 1998) . Additionally, effects on hormone secretion (i.e. prolactin and estradiol) have been observed (Pasqualotto et al., 2004) . Varicocele is a disease that causes testicular venous stasis and thus decreases the rate of renewal of the testicular blood with consequent accumulation of toxins and reductions in the concentration of antioxidants in the testes (Naughton et al., 2001; Smith et al., 2006) . Therefore, men with varicocele who are exposed to cigarette smoking experience an increased risk for the development of testicular damage (El Mulla et al., 1995) . Benoff et al. (2004) demonstrated that infertile men with varicocele have a higher accumulation of Cd in the testes compared with fertile men with varicocele or men with other causes of infertility.
In our study, we observed semen quality in men with varicocele, with exposure to smoking as the variable. Heavy smokers group showed a decrease in the percentage of sperms with progressive motility compared with the other groups and a lower concentration of sperms compared with the control group. was higher in control group compared with study groups. Moreover, the fact that the heavy smokers presented a higher value of 'pack years' suggests that they are chronic smokers. In the literature, there are many studies linking smoking and varicocele individually with semen quality; however, few studies have been conducted addressing the interaction between these two factors. A high incidence of oligozoospermia was observed among smokers with varicocele. According to Klaiber et al. (1987) , the finding of reduced sperm concentration is 10 times more frequent in these patients than among non-smoker patients with varicocele and 5 times more frequent than among smokers without varicocele. Collodel et al. (2009) published a study of the association between smoking (.10 cigarettes per day) and the presence of varicocele on sperm motility and morphology. Thus, our findings are thus far in accordance with other studies.
Assessment of sperm function can provide additional information about the seminal quality of patients. In our study, we demonstrated an additional detrimental effect of smoking on the functional aspects evaluated in patients with varicocele. The control group presented a higher percentage of sperms with high DNA integrity (Comet grade I) compared with the two study groups, as well as a lower percentage of sperm with obvious damage to DNA (Comet grade III). Interestingly, Comet grade IV cells, those with highest DNA fragmentation, were more prevalent in smokers. Moreover, we observed that smoking may result in decreased mitochondrial activity of spermatozoa. The control group also presented a higher percentage of sperms with high mitochondrial activity (DAB class I) compared with heavy smokers group. A higher percentage of sperms with a predominance of active mitochondria (DAB class II) and a lower percentage of spermatozoa with low mitochondrial activity (DAB class III) were SD, standard deviation; 95% CI, 95% confidence interval of the mean. Comet I (high DNA integrity), Comet II (mild DNA fragmentation), Comet III (evident DNA damage) and Comet IV (high DNA fragmentation). DAB I (high mitochondrial activity), DAB II (.50% of active mitochondria), DAB III (,50% of active mitochondria) and DAB IV (absence of active mitochondria). MDA indicates lipid peroxidation. Different superscript letters in the same line indicate significant difference, while the same letters in a same line indicate that a difference was not found (LSD test-P , 0.05). *Significant difference.
observed in the control group compared with the other groups. Additionally, as was the case of Comet grade IV sperm, the percentage of sperms with total inactivation of the mitochondria (DAB class IV) was higher in a smoking-dependent manner. It has been shown that several functional systems may change because of damage caused by high production of ROS. Imbalances between ROS production and semen antioxidant capacity will lead to OS (Fujisawa et al., 1989) , which will ultimately result in oxidation of membrane PUFAs (lipid peroxidation) (Sharma and Agarwal, 1996) , loss of mitochondrial membrane potential (Wang et al., 2003) and single-and double-stranded DNA fragmentation (Kodama et al., 1997) . MDA is an end product of lipid peroxidation and is considered an alkylating agent capable of forming covalent bonds with nucleophilic groups present in DNA and proteins, causing changes in the functions of these molecules (Aitken et al., 1989; Agarwal and Saleh, 2002) .
In our study, we observed that the levels of lipid peroxidation were lower in the control group and increased gradually according to the level of smoking. Spermatogenesis is a process of cell differentiation, which requires the maintenance of a testicular temperature below that of the body to maintain an optimal metabolic rate (Mieusset and Bujan, 1995; Jung and Schuppe, 2007) . The increase in scrotal temperature seems to be the main contributor to the effects of varicocele on spermatogenesis (Mieusset and Bujan, 1995) . Heat stress increases the metabolic rate and, consequently, the demand for oxygen. Because of the testicular venous stasis caused by varicocele, blood supply is not needed, which causes a frame of hypoxia, a predisposing condition for the production of ROS (Setchell, 1998) .
As previously mentioned, smoking significantly increases the levels of seminal ROS (Church and Pryor, 1985; Comhaire et al., 1999; Saleh et al., 2002) , and is therefore associated with a significant increase in levels of DNA fragmentation Sepaniak et al., 2006) . The integrity of human sperm DNA is considered indispensable for a proper embryonic development and accurate transmission of genetic information to offspring, and is an indicator of the quality of spermatogenesis and male fertility potential in vivo and in vitro (Belcheva et al., 2004; Smith et al., 2006) . Importantly, there were no differences between the rates of DNA fragmentation, mitochondrial activity and lipid peroxidation levels when comparing the groups of varicocele regardless of smoking. This suggests that our results are due predominantly to smoking.
Previous studies of the proteomic composition of seminal plasma have demonstrated the presence of proteins involved in regulation of the lipid composition of spermatozoa in antioxidant systems, as well as of proteins participating in immune functions, metabolic support and protection (Mann, 1964) . Recent advances in this area are aimed at identifying proteins expressed in different biological conditions and at analysing their functional aspects for a better understanding of biological markers (Tomar et al., 2010) . In this study, we performed 2D protein electrophoresis (2D SDS-PAGE) to analyse the protein profile of seminal plasma of our patients. There were 95 spots analysed by mass spectrometry, of which 20 proteins of interest were identified.
Four proteins were exclusively mapped to the control group: A1AT_HUMAN, ASAH1_HUMAN, CALM_HUMAN and CRIS1_ HUMAN. These proteins are involved in inflammatory response, regulation of proteolysis, metabolism of ceramide and activation of phospholipase C (Toutenhoofd et al., 1998; Li et al., 1999) . CRIS1_ HUMAN seems to have an important role in the fusion of sperm with the oocyte and in cellular maturation (Hayashi et al., 1996) .
In the moderate smokers group, five proteins were exclusively observed: ANXA3_HUMAN, CATB_HUMAN, EP3B_HUMAN, PTGDS_HUMAN and SODE_HUMAN. These are related to inhibition of phospholipase A2 and prostaglandin biosynthesis, proteolysis and regulation of apoptosis (Pepinsky et al., 1988; Tait et al., 1993) . EP3B_HUMAN has a potential role in sperm maturation (Kirchhoff et al., 1994) . PTGDS_HUMAN is involved in the development and maintenance of the blood -testis barrier and is likely to have important roles in both maturation and maintenance of the male reproductive system (Zhou et al., 2010) . For its part, SODE_HUMAN has an antioxidant role removing superoxide radicals (Folz and Crapo, 1994 Only one protein with unique expression was identified in the heavy smokers group. ZA2G_HUMAN participates in lipid catabolic process, negative regulation of cell proliferation and immune response. In addition, it interacts with PIP_HUMAN (Ueyama et al., 1993) .
KCRB_HUMAN, common to the control group and the moderate smokers group, has a central role in energy transduction in tissues with high energy demands, such as the heart, brain and sperm (Mariman et al., 1987) .
Nine proteins were expressed in all the three groups. Of these, 7 presented higher expression levels in the control group: ALBU_  HUMAN, PIP_HUMAN, NPC2_HUMAN, FINC_HUMAN, KLK3_  HUMAN, SEMG1_HUMAN and SEMG2_HUMAN . ALBU_HUMAN is an important element of the seminal plasma and participates in the dissipation of cholesterol when it is removed from the sperm membrane during capacitation (Mann, 1964) , while NPC2_HUMAN may be involved in the regulation of the membrane lipid composition during maturation of spermatozoa in the epididymis (Burkard et al., 2011) . PIP_HUMAN is found in various body fluids such as saliva, tears, milk and seminal plasma (Haagensen et al., 1990) . Because it has affinity for immunoglobulin G, it may bind to antisperm antibodies, protecting sperms from their effects (Autiero et al., 1997) . FINC_ HUMAN is related to inflammation and is involved in cell motility (Morla et al., 1994) .
SEMG1_HUMAN is the predominant protein in semen. Along with SEMG2_HUMAN, it participates in semen coagulation (Lilja et al., 1989) , while liquefaction occurs when these interact with KLK3_ HUMAN (Fritz, 2008) . Because we observed SEMG1_HUMAN and SEMG2_HUMAN at lower masses than the intact molecule, it is likely that only digested fragments were observed, the biological effect of which is still unclear.
Two other proteins were expressed in the three groups: TRFL_ HUMAN and PPAP_HUMAN. TRFL_HUMAN, with higher expression in the moderate smokers, is a glycoprotein involved in the control of the iron ion, which participates in the formation of ROS, and in anti-inflammatory activity (Schryvers et al., 1998) . In turn, the PPAP_HUMAN function has not been fully established; however, its synthesis and secretion are regulated by androgens.
Conclusions
The results of our study showed that smoking is associated with increased OS in patients with varicocele, with an observed increase in lipid peroxidation and an alteration in mitochondrial activity and DNA integrity of spermatozoa. In addition, we observed changes in the expression of proteins, some of which have been identified in seminal plasma and are related to male fertility. Thus, under the conditions of this study, we conclude that, in men with varicocele, smoking is associated with altered semen quality, decreased sperm functional integrity and semen OS. Because alterations in seminal plasma protein profiles are also present, these may explain pathways leading to the altered semen phenotype. Scores were generated by the Mascot identification algorithm, where a significance threshold (5%) is set and scores above threshold are considered significant identification of a protein.
Only above-threshold scores are presented.
